Abstract: The reaction of the enolizable thioketone (1R,4R)-thiocamphor (=(1R,4R)-1,7,7-trimethylbicyclo[2.2.1]heptane-2-thione; 1) with (R)-2-vinyloxirane (2) in the presence of a Lewis acid such as SnCl4 or SiO2 in anhydrous CH2Cl2 gave the spirocyclic 1,3-oxathiolane 3 with the vinyl group at C(4'), as well as the isomeric enesulfanyl alcohol 4. In the case of SnCl4, an allylic alcohol 5 was obtained in low yield in addition to 3 and 4 (Scheme 2). Repetition of the reaction in the presence of ZnCl2 yielded two diastereoisomeric 4-vinyl-1,3-oxathiolanes 3 and 7 together with an alcohol 4, and a '1 :2 adduct' 8 (Scheme 3). The reaction of 1 and 2 in the presence of NaH afforded regioselectively two enesulfanyl alcohols 4 and 9, which, in CDCl3 , cyclized smoothly to give the corresponding spirocyclic 1,3-oxathiolanes 3, 10, and 11, respectively (Scheme 4). In the presence of HCl, epimerization of 3 and 10 occurred to yield the corresponding epimers 7 and 11, respectively (Scheme 5). The thio-Claisen rearrangement of 4 in boiling mesitylene led to the allylic alcohol 12, and the analogous [3,3]-sigmatropic rearrangement of the intermediate xanthate 13, which was formed by treatment of the allylic alcohol 9 with CS2 and MeI under basic conditions, occurred already at room temperature to give the dithiocarbonate 14 (Schemes 6 and 7). The presented results show that the Lewis acid-catalyzed as well as the NaH-induced addition of (R)-vinyloxirane (2) to the enolizable thiocamphor (1) proceeds stereoselectively via an SN2-type mechanism, but with different regioselectivity.
The reaction of the enolizable thioketone (1R,4R)-thiocamphor (= (1R,4R)-1,7,7-trimethylbicyclo2.2.1heptane-2-thione; 1) with (R)-2-vinyloxirane (2) in the presence of a Lewis acid such as SnCl 4 or SiO 2 in anhydrous CH 2 Cl 2 gave the spirocyclic 1,3-oxathiolane 3 with the vinyl group at C(4), as well as the isomeric enesulfanyl alcohol 4. In the case of SnCl 4 , an allylic alcohol 5 was obtained in low yield in addition to 3 and 4 (Scheme 2). Repetition of the reaction in the presence of ZnCl 2 yielded two diastereoisomeric 4-vinyl-1,3-oxathiolanes 3 and 7 together with an alcohol 4, and a '1:2-adduct' 8 (Scheme 3). The reaction of 1 and 2 in the presence of NaH afforded regioselectively two enesulfanyl alcohols 4 and 9, which, in CDCl 3 , cyclized smoothly to give the corresponding spirocyclic 1,3-oxathiolanes 3, 10 and 11, respectively (Scheme 4). In the presence of HCl, epimerization of 3 and 10 occurred to yield the corresponding epimers 7 and 11, respectively (Scheme 5). The thio-Claisen rearrangement of 4 in boiling mesitylene led to the allylic alcohol 12, and the analogous 3,3-sigmatropic rearrangement of the intermediate xanthate 13, which was formed by treatment of the allylic alcohol 9 with CS 2 and MeI under basic conditions, occurred already at room temperature to give the dithiocarbonate 14 (Schemes 6 and 7). The presented results show that the Lewis acid-catalyzed as well as the NaH-induced addition of (R)-vinyloxirane (2) to the enolizable thiocamphor (1) proceeds stereoselectively via an S N 2-type mechanism, but with different regioselectivity.
1. Introduction. -1,3-Oxathiolanes can be prepared by the Lewis acidcatalyzed reaction of oxiranes not only with non-enolizable and enolizable thioketones, but with enolized thioketones as well 1 -8. The latter reaction occurs in two steps via an intermediate enesulfanyl alcohol 6. In the cases of (R)-2-phenyl-and (R)-2-vinyloxirane, the reactions proceed with high regio-and stereoselectivity via an S N 2-type mechanism (Scheme 1): the nucleophilic thiocarbonyl S-atom attacks preferentially at C(2) of the Lewis acid activated oxiranes, leading to the direct or indirect formation of 4-substituted 1,3-oxathiolanes with inversion of the configuration.
Scheme 1
Enolizable thioketones exist predominantly in the enethiol form [9] [10], which can be deprotonated with a strong base such as NaH. The formed thioanion can cleave the 3-membered ring of oxiranes via an analogous S N 2-type mechanism as under Lewis acid catalysis, but the regioselectivity is different. The reactions afford enesulfanyl alcohols, which cyclize smoothly to give the corresponding ring-enlarged 1,3-oxathiolanes as well 5 6.
In the present paper, the results of the reaction of (1R,4R)-thiocamphor (= (1R,4R)-1,7,7-trimethylbicyclo2.2.1heptane-2-thione; 1) with (R)-2-vinyloxirane (2) in the presence of Lewis acids and of NaH, respectively, are described.
Results. -2.1. Reaction of (1R,4R)-Thiocamphor (1) with (R)-2-
Vinyloxirane (2). On dropping two equiv. of 2 into a solution of 1 and 0.5 equiv.
of SnCl 4 in anhydrous CH 2 Cl 2 at -78° during 20 min under an N 2 atmosphere, the color of the yellow solution turned slowly to light yellow. After stirring the reaction mixture for an additional 5 min, the reaction was quenched by addition of a saturated aqueous NaHCO 3 solution. Chromatographic separation of the mixture gave the spirocyclic 1,3-oxathiolane 3, the enesulfanyl alcohol 4, and camphor (6) in 49, 23, and 2% yield, respectively, as well as an unexpected alcohol 5 in 3% yield. Repetition of the reaction with silica gel as catalyst at 0° for 2 d led to 3, 4, and 6 in 39, 6, and 1% yield, respectively, but no alcohol 5 was observed. In both cases, the reaction was almost complete and the starting material 1 was recovered only in a small amount (Scheme 2 and Table 1 ).
Scheme 2 Table 1 The reaction of 1 and 2 in a ratio of 1:2 was also repeated in the presence of 0.5 equiv. of ZnCl 2 under an N 2 atmosphere at -30° for 5 h, and the mixture was kept at -20° for 18 h. Chromatographic separation of the mixture afforded two diastereoisomeric spirocyclic 1,3-oxathiolanes 3 and 7, and the alcohol 4 in 16, 32, and 4% yield, respectively, as well as another unexpected product 8 in 13% yield (Scheme 3). The latter contains two vinyl groups, indicating that two molecules of 2 have reacted, but there are also two S-atoms in 8.
Scheme 3
The structures of 3, 4, 7, and 8 were assigned on the basis of their elemental analyses, 1 H-, 13 C-, 2D-NMR-, and mass spectra, and by comparison with those of similar compounds described previously [3 -7] . The configurations at C(2) and C(4) of 3 and 7 were determined by means of NOESY spectra relative to the known absolute configuration of the bicyclic skeleton of thiocamphor (1) (6) overlap at 1.57-1.54 ppm, which implies that the O-atom is exo-oriented.
Therefore, it can be deduced that 7 possesses the (1R,2S,4R,4S) configuration,
i.e., it is the C(2) epimer of 3.
The absolute configuration at C(2) in 4 has been assigned based on the knowledge that ring opening of (R)-2-vinyloxirane (2) takes place via nucleophilic attack at C(2) and the cleavage of the O-C(2) bond occurs under inversion of the configuration at C(2) 7. The structure of compound 5, i.e., the product of a thio- was followed by TLC and was completed after 6 h. Chromatographic separation of the mixture gave the secondary alcohol 9 and the primary alcohol 4 in 70 and 22% yield, respectively (Scheme 4).
Scheme 4
The formation of 4 and 9 proceeded via nucleophilic attack of the enethiolate, which is formed by deprotonation of the starting material 1, at C(2) and C(3) of (R)-2-vinyloxirane (2), leading to 4 and 9 with inversion and retention of the configuration at C(2), respectively. This proposal was proven by the structures of the cyclization products 3, 10, and 11.
In CDCl 3 at room temperature, the primary alcohol 4 cyclized quantitatively to
give the 4-vinyl substituted 1,3-oxathiolane 3. The cyclization of the secondary alcohol 9 occurred also smoothly under the same conditions, leading to a mixture of the 5-vinyl substituted 1,3-oxathiolanes 10 and 11 in 86 and 14% yield, respectively (ratio 6.1:1, Scheme 4). Treatment of 9 with one equiv. of ZnCl 2 in boiling THF under an N 2 atmosphere for 2 h gave 47% of 10 and 36% of 11 (ratio of 1.3:1).
Again, the structures of 9, 10, and 11 were assigned on the basis of their elemental analyses and spectroscopic data and by comparison with compounds described previously (see [3 -7] and Sect. 2.1). The configurations of the spirocyclic 1,3-oxathiolanes 10 and 11 were determined by means of NOESYspectra, relative to the known absolute configuration of the bicyclic skeleton of the starting material 1: the examination of a Dreiding model of 10 shows that the spatial distance between the methine H-atom of the vinyl group and the Me-C (1) group is small, in agreement with the NOESY spectrum (600 MHz, CDCl 3 ) of 10, which shows one cross-signal between CH=CH 2 at 5.92 ppm and Me-C(1) at 0.94 ppm, as well as two relevant cross-signals between H-C(5) at 4.32-4.28 ppm and H exo -C(3) at 2.37 ppm and H endo -C(3) at 1.75-1.73 ppm. In addition,  of H endo -C(6) at 2.17 ppm and H exo -C(6) at 1.44 ppm is 0.73 ppm, which demonstrates that the O-atom is close to H endo -C(6), i.e., the O-atom is in the endo-position.
Therefore, 10 has the (1R,2R,4R,5R) configuration. The NOESY spectrum of 11
(600 MHz, CDCl 3 ) shows one relevant cross-signal between H-C(5) at 4.52-4.49 ppm and Me-C(1) at 0.92 ppm, and the signals of H endo -C (6) and H exo -C (6) overlap at 1.57-1.46 ppm, indicative for an exo-oriented O-atom. Therefore, 11 is the C(2) epimer of 10 with the absolute configuration (1R,2S,4R,5R). atmosphere at -30° for 3 h gave 5 in 30% yield 2 ).
Epimerization of

Scheme 6
The structure of 12 was assigned as in the previous cases. The NOESY spectrum (500 MHz, CDCl 3 ) shows one relevant cross-peak between H-C(3) at 2.67-2.63 ppm and Me syn -C (7) 
Scheme 7
The structure of 14 was assigned on the basis of its NMR and mass spectra.
The configuration of the side-chain double bond of 14 was determined by means of 1D-NOESY and IR spectrum. The 1D-NOESY spectrum (300 MHz, CDCl 3 ), on irradiation of 2 H-C(1) at 3.62 ppm, showed no NOE signal for 2 H-C(4) at 3.27 ppm, and vice versa. In the IR spectrum of 14, a strong absorption band at 963 cm -1 is indicative for the (2E)-configuration 3 ).
3. Discussion and Conclusion. -The results presented show that 1,3-oxathiolanes can be prepared not only by the Lewis acid catalyzed reaction of an enolizable thioketone with 2-vinyloxirane, but also under basic conditions.
Thiocamphor (1) In contrast, the reaction of thiocamphor (1) with 2 under basic conditions, i.e., the reaction of the enethiolate anion with 2, afforded two enesulfanyl alcohols 4 and 9 with low regioselectivity (Scheme 4). We propose that this reaction proceeds also via an S N 2-type mechanism, in which the preferred nucleophilic attack of the enethiolate anion occurs at C(3) (O-C(3) cleavage) to give 9 with retention of the configuration, whereas the formation of the minor product 4 takes place via O-C(2) cleavage with inversion of the configuration at C(2) of the oxirane 2.
The enesulfanyl alcohols 4 and 9 isomerize smoothly via the mechanism reported previously [5] to give the corresponding spirocyclic 1,3-oxathiolanes in the presence of traces of DCl that is formed during the storage of CDCl 3 (Scheme 4). The observed epimerizations at the spiro-centre in the cases of 3/7 and 10/11
3 ) In addition, the (2E)-configuration was supported by a computer simulation of the 1 H-NMR spectrum 13. 
Scheme 8
The rearrangement of allylic xanthates is known to proceed thermally (ca. Assignment of signals based on 2D NMR spectra. General Procedure 4 (GP4): To the soln. of 1 (ca. 5 mmol) in anh. THF (25 ml), 1.2 equiv. of NaH (95% purity) were added at 25°. After stirring the mixture for 30 min, 1.3 equiv. of 2 were added dropwise to the almost colorless solution.
100°) via
General Procedures for the Reactions of (1R,4R)-Thiocamphor (= (1R,4R)-
The reaction was controlled by TLC and was completed after 6 h. After aq. workup, the products were separated by CC (SiO 2 ; hexane/Et 2 O).
Reactions of 1 with (R)-2-Vinyloxirane (2). 3.1. Lewis Acid-Catalyzed
Reaction of 1 and 2. Reaction of 1 (168 mg, 1 mmol) with 2 (140 mg, 2 mmol) and 0.5 equiv. of SnCl 4 (or 4.5 g of SiO 2 ) at -78 ° or 0° (CC, prep. TLC (PLC) hexane/Et 2 O) according to GP1 yielded 117 mg (49%) (or 93 mg, 39%) of 1R,2R,4R,4S)-1,7,7-trimethyl-4-vinylspiro[bicyclo[2.2.1] heptane-2,2- [1, 3] 
oxathiolane] (3), 55 mg (23%) (or 15 mg, 6%) of (2S)-2-[(1R,4R)-(1,7,7-trimethylbicyclo[2.2.1]hept-2-en-2-yl)sulfanyl]but-3-en-1-ol (4), 7 mg (3%) of (1R,3S,4R)-3-((2Z)-4-hydroxybut-2-en-1-yl)-1,7,7-trimethylbicyclo[2.2.1]-
heptane-2-one (5) and 2 mg (1%) of camphor (6) ( Table 1) . -146.8. IR: 3081w, 2954s, 2869m, 1636m, 1476m, 1453m, 1418w, 1389m, 1372m, 1305w, 1272w, 1250w, 1194w, 1113m, 1083s, 1044m, 1017m, 987m, 958w, 914m, 882m, 819m, 809m, 701w . 2953s, 2871m, 1637w, 1561w, 1472w, 1456w, 1440w, 1416w, 1385m, 1375w, 1365w, 1297w, 1184w, 1134w, 1106m, 1062m, 1043m, 1025m, 983m, 921m, 875w, 819w, 783w, 715w . Repetition of the reaction of 1 (336 mg, 2 mmol), 2 (280 mg, 4 mmol) and 0.5 equiv. of ZnCl 2 according to GP3 afforded 52 mg (11%) of 3, 176 mg (37%) of (1R,2S,4R,4S) -1,7,7-trimethyl-4-vinylspiro[bicyclo[2.2.1] heptane-2,2- [1, 3] oxathiolane] (7), 9.5 mg (4%) of 4, and 84.
mg (13%) of (2S)-2-[1-(1S)-({[((1R,4R)-1,7,7-trimethylbicyclo[2.2.1]hept-2-en-2-yl)sulfanyl]methyl}prop-2-en-1-yl)sulfanyl]but-3-en-1-ol (8).
Data of 7: Colorless oil.    D 23 = -131. 1. IR: 3083w, 2956s, 2884m, 1636w, 1480m, 1453m, 1417w, 1389m, 1370m, 1306w, 1248w, 1201w, 1161w, 1138w, 1110m, 1086s, 1052m, 1016w, 986m, 943w, 917m, 873w, 837m, 804w, 736w . (1)); 51.7 (d, C(4)); 51.6 (t, C(3)); 48.3 (s, C (7)); 45.9 (d, C(4));
34.7 (t, C (6)); 27.1 (t, C (5) 2870m, 1635w, 1561w, 1456m, 1416m, 1386m, 1296m, 1068m, 1042m, 985m, 918m, 794w, 715w . 2984m, 2953s, 2871m, 1644w, 1561m, 1471m, 1452m, 1440m, 1420m, 1385m, 1375m, 1365m, 1297m, 1290m, 1279m, 1254w, 1185w, 1106m, 1045m, 985m, 925m, 875w, 820w, 781w, 714w . (1) 4. Isomerization of 4 to 3, and of 9 to 10 and 11. The cyclization of 4 (ca. 15 mg) to 3 proceeded quantitatively in CDCl 3 (0.5 ml, NMR-tube) in 15 min at r.t.
The cyclization of 9 (50 mg) under the same conditions (10 min) led to 86% of (1R,2R,4R,5R) -1,7,7-trimethyl-5-vinylspiro[bicyclo[2.2.1] heptane-2,2- [1, 3] oxathiolane] (10) and 14% of (1R,2S,4R,5R) -1,7,7-trimethyl-5-vinylspiro[bicyclo[2.2.1] heptane-2,2- [1, 3] -28.5. IR: 2952vs, 2870s, 1647vs, 1560m, 1471m, 1452m, 1439m, 1385m, 1374m, 1364m, 1298m, 1253w, 1219m, 1186w, 1134w, 1105w, 1044m, 963s, 874vs, 820w, 780m, 714m . 
